The Hippo signaling pathway converges on YAP to regulate growth, differentiation, and regeneration. Previous studies with overexpressed proteins have shown that YAP is phosphorylated by its upstream kinase, Lats1/2, on multiple sites, including an evolutionarily conserved 14-3-3-binding site whose phosphorylation is believed to inhibit YAP by excluding it from the nucleus. Indeed, nuclear localization of YAP or decreased YAP phosphorylation at this site (S168 in Drosophila, S127 in humans, and S112 in mice) is widely used in current literature as a surrogate of YAP activation even though the physiological importance of this phosphorylation event in regulating endogenous YAP activity has not been defined. Here we address this question by introducing a Yap S112A knock-in mutation in the endogenous Yap locus. The Yap S112A mice are surprisingly normal despite nuclear localization of the mutant YAP protein in vivo and profound defects in cytoplasmic translocation in vitro. Interestingly, the mutant Yap S112A mice show a compensatory decrease in YAP protein levels due to increased phosphorylation at a mammalian-specific phosphodegron site on YAP. These findings reveal a robust homeostatic mechanism that maintains physiological levels of YAP activity and caution against the assumptive use of YAP localization alone as a surrogate of YAP activity.
Interestingly, NIH3T3 cells could be transformed only by YAP protein carrying mutations in both the 14-3-3 site and the phosphodegron sites (Zhao et al. 2010b) , suggesting that both mechanisms contribute to YAP regulation. However, unlike the 14-3-3-binding site, the phosphodegron site is not conserved in Drosophila Yki, suggesting that evolutionarily divergent mechanisms likely have evolved to regulate Yki/YAP in different animals. YAP S112 phosphorylation is dispensable for normal mouse development. (A) Schematic comparison of Drosophila Yki and murine YAP proteins showing the multiple HxRxxS phosphorylation sites, the WW domains, and the N-terminal homology (NH) domain required for Sd/TEAD binding. The conserved 14-3-3 site is also marked (boxed site). (B) Body weight of wild-type and Yap S112A/S112A littermates. (C) Gross appearance of livers and quantification of the liver/body weight ratio from wild-type and Yap S112A/S112A littermates at 2 mo of age. Data are mean ± SD from five animals of each genotype. Bar, 1 cm. (D) H&E and cleaved Caspase-3 staining of liver sections from 3-mo-old wild-type and Yap S112A/S112A littermates before and 3 h after Jo-2 injection. Bar, 50 µm.
How the remaining HxRxxS motifs besides the 14-3-3-binding site and the phosphodegron site contribute to YAP inactivation has not been reported to date.
An important caveat with these studies is that they were almost exclusively based on the analysis of exogenously expressed constructs. One exception is in Drosophila, in which Halder and colleagues (Zhao et al. 2007 ) had isolated three gain-of-function alleles of endogenous yki surrounding the S168 site (H163Y, H163L, and P170S). These alleles are homozygous lethal, and the heterozygotes show tissue overgrowth due to gain-of-function Yki activity (Zhao et al. 2007 ). When these mutations were introduced into YAP, they were found to decrease (but not eliminate) YAP phosphorylation and/or 14-3-3 binding (Zhao et al. 2007 ). Furthermore, a transgene that expresses Yki S168A , but not wild-type Yki, close to endogenous Yki levels (using the tubulin promoter) results in tissue overgrowth and fly lethality (Dong et al. 2007) . While these findings support the importance of the 14-3-3-binding site in Drosophila, the importance of this motif in endogenous mammalian YAP has not been determined. This is particularly relevant given the increasing appreciation of the evolutionary divergence of Hippo pathway regulation between Drosophila and mammals (Bossuyt et al. 2014 ). Indeed, due to the presence of both 14-3-3 binding and phosphodegron sites in mammalian YAP, one cannot predict a priori which phosphorylation site is essential.
Another unanswered issue in the Hippo research field concerns the exact contribution of the S127/S112 14-3-3-binding site to YAP subcellular localization. Initial studies of Hippo signaling in cultured mammalian cells revealed density-dependent localization of YAP, whereby YAP is nuclear in sparsely cultured cells and localized more to the cytoplasm upon confluence (Zhao et al. 2007 ). This nuclear-to-cytoplasmic YAP translocation was later extended to other conditions, such as disruption of actin cytoskeleton or treatment with certain GPCR (G-protein-coupled receptor) ligands . The literature, however, was ambiguous about whether such translocation is mediated exclusively through the S127/S112 site.
While the YAP S127A mutant was shown to abolish 14-3-3 binding (Zhao et al. 2007 ) and should in principle eliminate cytoplasmic translocation induced by confluency or cytoskeleton disruption, many studies actually resorted to a YAP mutant lacking all HxRxxS motifs (YAP 5SA ) (Zhao et al. 2007 . This is further complicated by reports suggesting that YAP can be translocated to the cytoplasm independently of Lats phosphorylation under certain culture conditions (Dupont et al. 2011) . Irrespective of whether cytoplasmic translocation is mediated exclusively through S127/S112 phosphorylation, since previous studies were based on exogenously expressed constructs, the extent to which S127/S112 phosphorylation regulates endogenous YAP localization needs to be defined. From a broader perspective, how relevant is contact-induced cytoplasmic YAP translocation in cultured cells to the developmental regulation of organ size in vivo?
Here we investigated the physiological role of YAP S112 phosphorylation by introducing a Yap S112A mutation in the endogenous Yap locus. Consistent with an essential role for 14-3-3 binding in cytoplasmic localization of YAP, the knock-in animals show nuclear localization of the mutant YAP protein in intact tissues, and cultured cells derived from the animals are resistant to YAP cytoplasmic translocation induced by multiple signals. Surprisingly, the Yap S112A mice are phenotypically normal but show a compensatory decrease in YAP protein levels due to increased phosphorylation at YAP's phosphodegron site.
These findings suggest the existence of a robust homeostatic mechanism that maintains physiological levels of YAP activity. Our studies suggest that YAP localization alone may not always be a reliable surrogate of YAP activity and offer an unprecedented example in which profound defects in YAP subcellular localization have no visible developmental consequences in YAP-mediated growth regulation in vivo.
Results

YAP S112 phosphorylation is dispensable for normal mouse development
We used homologous recombination to introduce a S112A mutation into the second exon and a loxP-STOP-loxP cassette in the first intron of Yap (Supplemental Fig. S1A ). This strategy was initially designed to enable Cre-mediated excision of the STOP cassette, thus allowing conditional expression of the endogenous S112A allele. However, after germline transmission of the conditional S112A allele, we found that constitutive removal of the STOP cassette had no visible effect on animal development. We therefore used the constitutive S112A allele for all subsequent studies. Correct targeting of the Yap S112A mutation was confirmed by PCR (Supplemental Fig. S1B ,C) and DNA sequencing (Supplemental Fig. S1D ) as well as phospho-specific antibody against the S112 phosphorylation site (for examples, see Fig. 5 , below).
Intercrossing of Yap S112A/+ animals revealed that wild-type (Yap +/+ ), heterozygote (Yap S112A/+ ), and homozygote (Yap S112A/S112A ) littermates were born with the expected Mendelian ratio. Careful examination of the Yap S112A/S112A homozygotes did not reveal any change in body weight or liver size in mice of all ages (Fig. 1B,C) . Examination of the distal colon, another organ that is known to be sensitive to hyperactive YAP Zhou et al. 2011 ), also did not reveal any abnormalities in crypt morphology or cell proliferation (Supplemental Fig. S1E,F) . The Yap S112A/S112A homozygotes also show normal fertility and have been maintained as healthy colonies in our laboratory for >7 years. For simplicity, we refer to the Yap S112A/S112A homozygotes as Yap S112A mice here unless otherwise specified.
Since activation of YAP is known to confer resistance to Fas-mediated apoptosis (Dong et al. 2007 ), we subjected the Yap S112A mice to this experimental paradigm. Administration of the Fas agonist antibody (Jo-2) induced similar liver hemorrhage and hepatocyte death in the Yap S112A and wild-type littermates (Fig. 1D ). These findings further suggest that the Yap S112A animals have a grossly normal level of YAP activity.
The Yap S112A livers show subtle changes of YAP target gene expression and are more prone to carcinogen-induced hepatocellular carcinoma (HCC)
To investigate the possibility that the Yap S112A mutation may confer a weak gain-of-function activity, we examined the expression of several commonly studied YAP target genes in the liver. Real-time PCR analysis revealed a modest increase in the mRNA levels of Birc5/Survivin, Cyr61, and Ctgf in the Yap S112A livers compared with livers from age-matched control littermates ( Fig. 2A) . These findings suggest that the Yap S112A mice may have a weak gain of function of YAP activity, although it was too weak to cause visible morphological and/or developmental defects under normal conditions. Mild gain of function of YAP in the Yap S112A mice as revealed by YAP target expression and susceptibility to hepatocellular carcinogenesis. (A) Real-time PCR analysis of Birc5, Cyr61, Ctgf, Yap, and Taz mRNA levels in liver tissues of wild-type and Yap S112A mice. Data are mean ± SD. n = 3 for each genotype. (*) P < 0.05, t-test. (B) Gross appearance of livers and quantification of liver/body weight ratio of wild-type and Yap S112A mice 6.5 mo after diethylnitrosoamine (DEN) treatment. Data are mean ± SD from five animals of each genotype. (*) P < 0.05, t-test. Bar, 1 cm. (C) H&E staining of liver sections from wild-type and Yap S112A mice 6.5 mo after DEN treatment. A large tumor in the Yap S112A liver is indicated by "T." Bar, 100 μm. (D) Wild-type, Yap S112A/S112A , and Lats1/2 knockout mouse embryonic fibroblasts (MEFs) were subjected to wound healing 10/23/2015 12:52 PM In this page In a new window Download as PowerPoint Slide assay. Shown are representative images of wound healing from 0 to 24 h after wound scratch. The white dashed lines mark the edges of the wound. Bar, 500 μm. Cell migration into the wound scratch was quantified as the percent wound closure relative to the open wound and compared with that of wild-type cells at each time point. All values are the means of triplicate experiments ± SD. (*) P < 0.05, t-test.
We reasoned that the weak gain of function of YAP in the Yap S112A animals may be amplified under certain oncogenic conditions. To test this possibility, we subjected the animals to the DNA alkylating agent diethylnitrosoamine (DEN), a commonly used carcinogen for inducing HCC (Pitot et al. 1978) . Interestingly, we found that the Yap S112A mice were more prone to DEN-induced HCC formation. At 6.5 mo after DEN treatment, all of the Yap S112A mice developed massive HCC (n = 10), whereas none of the matched wild-type mice developed macroscopically visible liver cancers (n = 10) (Fig. 2B,C) . These findings further support the gain-of-function nature of the Yap S112A mutation. This conclusion is also supported by the analysis of mouse embryonic fibroblasts (MEFs) derived from the Yap S112A animals, which showed increased expression of YAP target genes (Supplemental Fig. S2A ) and increased migration in a wound healing assay (Fig. 2D ), a cellular property that is known to be enhanced by YAP activity (Sorrentino et al. 2014 ).
Lats1 and Lats2 are required for liver homeostasis by restricting YAP activity
The absence of visible developmental defects in the Yap S112A animals is unexpected given that mutations affecting residues surrounding the analogous site in Drosophila Yki confer obvious growth advantage in vivo and are homozygous lethal (Zhao et al. 2007 ). Although Lats1/2 have been previously reported to directly phosphorylate YAP based on in vitro studies (Zhao et al. 2007; Hao et al. 2008; Zhang et al. 2008) , it has also been suggested that Lats1/2 may not be the kinase responsible for YAP S112 phosphorylation in the liver (Zhou et al. 2009 ). To test this formal possibility, we examined the consequence of removing Lats1/2 function in the liver. First, we generated a floxed allele of Lats2 (Lats2 flox ) by homologous recombination (Supplemental Fig. S3A ,B). In this allele, exon 5 and exon 6 of Lats2 were flanked by two LoxP sites. The Lats2 flox allele was crossed to Lats1 −/− mice ) to obtain Lats1 −/− ; Lats2 flox/flox animals. Adenovirus expressing the Cre recombinase was injected into the Lats1 −/− ; Lats2 flox/flox animals to induce loss of Lats1/2 function in the liver. The Ad-Cre-injected Lats1 −/− ; Lats2 flox/flox mice developed massive hepatomegaly, with liver size reaching ∼30% of the body weight 8 wk after Ad-Cre delivery (Fig. 3A,B) . Microscopically, the Ad-Cre-injected Lats1 −/− ; Lats2 flox/flox liver showed massive proliferation of the cytokeratin (CK)-positive biliary epithelial cells (BECs) (Fig. 3C,D) . The overproliferating BECs first appeared as clusters of cells in the portal triads, which eventually overtook the hepatocytes to be the predominant cell type in the liver (Fig. 3C,D) . Immunostaining of the Ad-Cre-injected Lats1 −/− ; Lats2 flox/flox liver showed diminished YAP-S112 phosphorylation accompanied by an increase of overall YAP protein levels (Fig. 3D ). These phenotypes resemble those described for liver-specific knockouts of other Hippo pathway tumor suppressors, such as NF2 and Mst1/2 (Zhou et al. 2009; Benhamouche et al. 2010; Lee et al. 2010; Lu et al. 2010; Zhang et al. 2010) . Importantly, introducing loss of YAP and TAZ into the Lats1/2 mutant background (Ad-Cre; Lats1 −/− ; Lats2 flox/flox ; Yap flox/flox ; Taz flox/flox ) nearly completely abolished hepatomegaly ( Fig. 3E ) and BEC overproliferation (Supplemental Fig. S3C ) of the Lats1/2 mutant liver. The rare BEC clusters remaining in these animals were due to escaper cells that failed to delete Yap and/or Taz, as revealed by positive staining with an antibody that recognizes both YAP and TAZ in these clusters (Supplemental Fig. S3C ). Taken together, these findings demonstrate that Lats1/2 are indeed required for restricting YAP activity in vivo. To further examine the regulatory relationship between Lats1/2, YAP, and TAZ, we generated MEFs from the Lats1/2 mutant and wild-type littermates. Like the Yap S112A MEFs, the Lats1/2 mutant MEFs also showed increased migration in a wound healing assay (Fig. 2D) . Consistent with our analysis in the liver, YAP phosphorylation at both S112 and the phosphodegron site S366 was significantly decreased in the Lats1/2 MEFs (Fig. 3G) . We also observed a dramatic increase in TAZ protein levels (Fig. 3G) , consistent with YAP and TAZ being regulated by a similar phosphodegron mechanism by Hippo signaling Zhao et al. 2010b) . It is worth noting that although YAP S112 and YAP S366 phosphorylation was greatly diminished in the Lats1/2 mutant MEFs, it was not completely blocked (Fig. 3G) . This is consistent with recent studies that have implicated the existence of additional YAP kinases besides Lats1/2 (Zhang et al. 2015 
S112 phosphorylation is required for 14-3-3 binding and cytoplasmic translocation of endogenous YAP induced by multiple signals
Previous studies that have implicated S127/S112 phosphorylation in 14-3-3-dependent cytoplasmic translocation were based on exogenously expressed YAP proteins. Thus, a formal possibility is that S127/S112 may not be as essential for 14-3-3 binding of endogenous YAP. Such a scenario could, in principle, explain the absence of developmental defects in the Yap S112A animals. We tested this possibility by examining MEFs derived from the Yap S112A or wild-type littermates. The physical interactions between endogenous YAP and 14-3-3 were completely abolished in the Yap S112A MEFs (Fig. 4A) . Thus, as for exogenous YAP, S112 phosphorylation is required for 14-3-3 binding of endogenous YAP. Coimmunoprecipitation assay. Cell lysates of wild-type and Yap S112A/S112A MEFs were immunoprecipitated with α-14-3-3 antibody and immunoblotted with α-YAP antibody. (B) Loss of cell contact-induced YAP translocation in the Yap S112A/S112A MEFs. Wild-type and Yap S112A/S112A MEFs grown at low or high density were immunostained for endogenous YAP (green) and nuclear dye DAPI (blue). Endogenous YAP shows nuclear-to-cytoplasmic translocation at high cell density in the wild-type cells but not in the Yap S112A/S112A cells. Bar, 50 μm. (C) Immunostaining of YAP in liver sections from wild-type and Yap S112A mice. Note the more prominent nuclear localization of YAP in the Yap S112A liver compared with the wild-type liver (arrows). Also note the overall decrease of YAP staining intensity in the Yap S112A liver. Tissue sections were processed in parallel and stained under identical conditions. Bar, 50 μm. (D) Immunostaining of YAP in colon sections from wild-type and Yap S112A mice. Note the decrease of overall YAP staining and the more prominent nuclear localization in the colonic epithelial cells in Yap S112A mice compared with the wild-type mice (arrows). Tissue sections were processed and stained under identical conditions. Bar, 50 μm.
In cultured mammalian cells, cell-cell contact induces cytoplasmic translocation of YAP (Zhao et al. 2007 ). Based on studies of exogenously expressed YAP constructs, the 14-3-3-binding site is believed to play a key role in this process (Zhao et al. 2007 ). Even though S127/S112 phosphorylation is required for 14-3-3 binding of endogenous YAP, it remains possible that such binding may not be as essential for controlling the subcellular localization of endogenous YAP. To investigate whether S112 phosphorylation is required for cell contact-induced translocation of endogenous YAP, we examined YAP protein localization in MEFs derived from the Yap S112A or wild-type littermates. In sparse cultures, the Yap S112A and wild-type MEFs showed similar nuclear localization of endogenous YAP (Fig. 4B) . In confluent cultures, while wild-type MEFs showed a clear nuclear-to-cytoplasmic translocation of endogenous YAP, YAP remained nuclear in the Yap S112A MEFs (Fig. 4B) . Consistent with Lats1/2 being the major kinases for S112 phosphorylation, Lats1/2 mutant MEFs also showed a defect in nuclear-to-cytoplasmic translocation in confluent cultures (Fig. 3F) . Thus, S112 phosphorylation is required for cell contact-induced cytoplasmic translocation of endogenous YAP.
Besides cell-cell contact, we also tested a number of other conditions that have been reported to induce cytoplasmic translocation of YAP. These include actin polymerization inhibitor latrunculin B (LatB) , GPCR ligand epinephrine , adenylyl cyclase activator forskolin (Yu et al. 2013) , and ROCK (rho-associated protein kinase) inhibitor Y-27632 (Dupont et al. 2011; Wada et al. 2011) . While treatment with any of these agents induced a clear nuclear-to-cytoplasmic translocation of endogenous YAP in wild-type MEFs, the mutant YAP S112A protein remained nuclear in the Yap S112A MEFs under the same treatment conditions (Supplemental Figs. S4-S7 ). Taken together, these results indicate that S112 phosphorylation is required for not only 14-3-3 binding but also cytoplasmic translocation of endogenous YAP induced by a wide spectrum of signals ranging from contact inhibition to disruption of actin cytoskeleton. Since YAP cytoplasmic translocation in cultured cells is widely used as a convenient assay for Hippo signaling, we caution that this cell culture assay per se does not necessarily predict Hippo-mediated growth regulation in vivo.
The Yap S112A mice show abnormal subcellular localization of endogenous YAP in intact tissues despite the absence of visible developmental defects The profound defects in nuclear-to-cytoplasmic translocation of YAP in the Yap S112A MEFs prompted us to examine the subcellular localization of the mutant YAP S112A protein in intact animals. For this purpose, we analyzed YAP immunostaining in the liver and colon, two tissues in which the role of Hippo signaling in growth control has been well characterized (Camargo et al. 2007; Dong et al. 2007; Zhou et al. 2009; Cai et al. 2010; Lu et al. 2010; Song et al. 2010; Zhou et al. 2011 ). In the wild-type liver, YAP is diffusely distributed throughout the hepatocytes without discernible nuclear accumulation (Fig. 4C) . In contrast, the mutant YAP S112A protein in the Yap S112A hepatocytes stains the nuclei more prominently than the cytoplasm (Fig. 4C) . A similar pattern was observed in the colonic epithelial cells, in which the mutant YAP S112A protein shows more discernible nuclear staining compared with the wild-type YAP (Fig. 4D) . Given the normal development of the liver (Fig. 1C,D) and the colon (Supplemental Fig. S1E,F) , the Yap S112A mice provide an unprecedented example in which abnormal subcellular localization of YAP has no visible developmental consequences (albeit with a very modest effect on gene expression) (see Fig. 2A ). This is in striking contrast to other genetic models, such as inactivation of Sav1 and Mst1/2, in which nuclear localization of YAP correlates with robust activation of its growth-promoting activity (Zhou et al. 2009 (Zhou et al. , 2011 Cai et al. 2010; Song et al. 2010) .
Compensatory reduction of YAP protein levels in the Yap S112A mice
The results described above present a conundrum in which nuclear localization of the YAP transcriptional activator in the Yap S112A animals is not translated into robust activation of YAP activity. The first clue to resolving this puzzle came from analysis of YAP immunostaining in the Yap S112A animals. In our analysis of YAP immunostaining in the liver and colon, we noted that besides the more discernible YAP nuclear localization in the mutant tissues, the overall intensity of YAP staining in the Yap S112A tissue appears lower than that in the corresponding wild-type tissue (Fig. 4C,D) . This is very different from Sav1 or Mst1/2 mutant mice, which display not only nuclear localization of YAP but also an increase in overall YAP intensity (Zhou et al. 2009 (Zhou et al. , 2011 Cai et al. 2010; Song et al. 2010 ). An attractive possibility is that there may be a compensatory reduction of YAP protein levels in the Yap S112A mice; despite its nuclear localization and thus enhanced intrinsic transcriptional activity, a reduction in YAP S112A protein levels may render the overall YAP activity in the cell close to the normal levels.
To examine this possibility more quantitatively, we analyzed liver lysates by Western blotting. Consistent with our immunostaining results, YAP protein levels were significantly lower in mouse livers of the Yap S112A animals compared with those from the wild-type littermates (Fig. 5A) . A similar compensatory reduction of YAP S112A protein levels was also observed in other organs in the Yap S112A mice (such as the brain, lung, heart, and spleen) (Fig. 5B,C) as the Yap S112A MEFs (Fig. 5D) . These results suggest that the compensatory reduction of YAP S112A protein levels is a general phenomenon across multiple tissue and cell types. To understand the molecular mechanism underlying this compensation, we first examined Yap mRNA levels. The Yap mRNA levels were unchanged in the Yap S112A livers compared with the wild-type littermates (Fig. 5A) , suggesting that the reduction in YAP S112A protein levels is mediated by a post-transcriptional mechanism. To investigate this mechanism further, we treated the Yap S112A and wild-type MEFs with the protein synthesis inhibitor cycloheximide (CHX) and compared the half-lives of endogenous YAP protein in the two different cells. This analysis revealed that the YAP protein was degraded much faster in the Yap S112A MEFs than in the wild-type MEFs (Fig. 6A ). These data suggest that the YAP protein is intrinsically less stable in the Yap S112A cells. Since the best-characterized mechanism of destabilizing YAP involves its Hippo signaling-responsive phosphodegron motif (Zhao et al. 2010b) , we hypothesized that the decreased stability of the endogenous YAP S112A protein may be due to increased Hippo signaling in the Yap S112A cells, which should promote phosphorylation of its phosphodegron motif and thus induce YAP S112A degradation. In agreement with this hypothesis, phosphorylation of the phosphodegron site YAP S366 (corresponding to human YAP S381 ) was significantly increased in mouse livers from the Yap S112A animals compared with those from the wild-type animals (Fig. 5B,C) . This compensatory increase in YAP S366 phosphorylation was observed in not only the livers but also other organs in the Yap S112A animals (such as the brain, lung, heart, and spleen) (Fig. 5B,C) as well as the Yap S112A MEFs (Fig. 5D) . Thus, the Yap S112A animals are characterized by decreased YAP protein levels and a corresponding increase in YAP S366 phosphorylation across multiple tissue and cell types.
Consistent with enhanced Hippo signaling in the Yap S112A animals, we found that the protein abundance of TAZ, a YAP paralog that is destabilized by Hippo signaling through a similar phosphodegron-dependent mechanism , was dramatically decreased in the Yap S112A livers compared with the wild-type livers (Fig. 6B ) even though Taz mRNA levels were normal in the Yap S112A livers (Fig. 2A) . A similar decrease of TAZ protein levels was also observed in the Yap S112A MEFs (Fig. 5D ). These data further support the notion that the increased YAP S366 phosphorylation and YAP degradation in the Yap S112A animals is due to a compensatory increase in overall Hippo signaling activity rather than any intrinsic property of the YAP protein that autonomously biased the YAP S112A protein for phosphorylation on alternative sites when the S112 site is blocked.
Feedback activation of Hippo signaling protects against developmental defects in the Yap S112A animals
The compensatory activation of Hippo signaling in the Yap S112A animals is reminiscent of negative feedback previously described in Drosophila, in which increased Yki activity is accompanied by increased expression of upstream Hippo pathway tumor suppressors (Hamaratoglu et al. 2006) . Consistent with a similar negative feedback being engaged in the Yap S112A animals, the protein and mRNA abundance of NF2, Mst1, and Lats2 was increased in the Yap S112A livers compared with wild-type littermates ( Fig. 6B; Supplemental Fig. S2B ). In contrast, the expression of Lats1, Mst2, and TEAD1-4 were similar between the Yap S112A and wild-type livers (Fig. 6B) . The protein abundance of CTGF is modestly increased in the Yap S112A livers (Fig. 6B) , consistent with the mild increase of Ctgf mRNA expression in the Yap S112A livers (Fig. 2A) .
To investigate the functional significance of this negative feedback, we engineered Yap S112A mice with acute inactivation of NF2 in the adult liver induced by Ad-Cre injection. It had been reported previously that loss of NF2 in the adult liver results in very mild phenotypes manifested as focal periportal BEC hyperplasia even 8 mo after Ad-Cre injection (Benhamouche et al. 2010) . Interestingly, although the Yap S112A mutation does not display any visible developmental defects by itself, it greatly enhanced the Nf2-deficient phenotypes in adult livers. Two months after Ad-Cre injection, all of the Ad-Cre; Nf2 flox/flox ; Yap S112A mice developed massive bile duct hamartomas (n = 5) with greatly enlarged liver size, whereas none of the matched Ad-Cre; Nf2 flox/flox mice developed macroscopically visible hamartomas (Fig. 7A) . Histological analysis revealed massive islands of proliferating CK-positive BECs in the Ad-Cre; Nf2 flox/flox ; Yap S112A livers, in contrast to the mild focal proliferation of BECs in the matched Ad-Cre; Nf2 flox/flox livers (Fig. 7B) . Interestingly, although the YAP protein levels were lower in the Yap S112A animals compared with wild-type animals, the difference in YAP protein levels between the two genotypes was greatly diminished after Ad-Cre-induced Nf2 gene deletion (Fig. 7C ), supporting our model that activation of Hippo signaling contributes to the compensatory decrease of YAP protein abundance in the Yap S112A mice. Thus, although the Yap S112A mice do not show any visible developmental defects due to feedback activation of Hippo signaling, removing a critical Hippo signaling component can compromise this negative feedback and thus genetically "expose" the oncogenic potential of the YAP S112A protein. 
Discussion
Recent mouse genetic studies using conditional loss-of-function and gain-of-function approaches have implicated the Hippo signaling pathway as a potent regulator of tissue growth, regeneration, and stem cell biology in mammals (Zeng and Hong 2008; Zhao et al. 2010a; Halder and Johnson 2011; Barry and Camargo 2013; Piccolo et al. 2013 ). Thus, it has been puzzling why loss-of-function mutations in tumor suppressor components of the Hippo pathway or gain-of-function mutations in the oncoprotein YAP are relatively rare from comprehensive surveys of human cancer genomes. Our analysis of an endogenously activating mutation in YAP, which abolishes YAP-14-3-3 interactions and cyoplasmic translocation of YAP under multiple cell culture conditions and developmental contexts, provides at least one possible explanation. We suggest that increased YAP activity leads to compensatory activation of Hippo kinase cascade, which in turn results in decreased YAP protein levels due to phosphorylation of a mammalian-specific phosphodegron site. We suggest that such a feedback provides an intrinsic mechanism to maintain homeostatic levels of YAP activity in a cell and may therefore mask the phenotypic consequences of DNA mutations that would otherwise result in increased YAP activity.
Negative feedback regulation of upstream pathway components is a common feature of many signaling pathways that is generally believed to contribute to the steadiness and robustness of cell signaling in vivo (Stelling et al. 2004) . The homeostatic mechanism that we uncovered in mammalian Hippo signaling is conceptually similar to that previously described in Drosophila, in which increased Yki activity is accompanied by increased transcription of upstream Hippo pathway tumor suppressors such as Kibra, Expanded, Crumbs, and Four-jointed (Cho et al. 2006; Hamaratoglu et al. 2006; Genevet et al. 2009 Genevet et al. , 2010 . Indeed, we previously observed increased expression of multiple Hippo pathway components in a transgenic mouse model with liver-specific YAP overexpression (Dong et al. 2007) . Although negative feedback appears to be a common feature of the Hippo signaling network in diverse animals, our study highlights a critical difference in the extent to which such negative feedback contributes to the homeostatic regulation of Yki/YAP activity in Drosophila versus mammals. While the Yap S112A mice are phenotypically normal under physiological conditions (albeit with a modest effect on YAP target gene expression), mutations surrounding the analogous site in endogenous yki results in obvious gain-of-function phenotypes (overgrowth and homozygous lethality) in Drosophila (Zhao et al. 2007) , and a transgene expressing the analogous Yki S168A mutant of Yki (but not wild-type Yki) close to its physiological levels results in tissue overgrowth and fly lethality (Dong et al. 2007 ). Thus, it appears that the negative feedback triggered by the Yap S112A mutation is robust enough to protect the mice from developmental abnormalities, whereas negative feedback triggered by similar mutations in Yki cannot do so in Drosophila. These findings further add to the evolutionary divergence of pathway regulation between Drosophila and mammals despite the evolutionary conservation of many core components of the Hippo pathway (Bossuyt et al. 2014 ).
Nuclear accumulation of YAP is widely used as a surrogate of YAP activation in both the characterization of signaling events related to YAP regulation and the analysis of cancer samples. As we showed in this study, however, nuclear localization per se in either cultured cells or intact tissues is insufficient to predict increased YAP activity at a cellular level. Therefore, cellular YAP activity must be gauged by a combination of its nuclear localization and protein levels within a cell, perhaps ideally by assays for YAP transcriptional activity. We suggest that overexpression of YAP, instead of nuclear localization of YAP alone, may be more relevant to tumorigenesis. This is consistent with the identification of YAP gene amplification and the widespread YAP overexpression in human cancers (Overholtzer et al. 2006; Zender et al. 2006; Steinhardt et al. 2008) . Understanding the genetic and epigenetic control of YAP gene expression in normal and pathological conditions as well as the mechanisms underlying the homeostatic control of YAP activity may shed light on how cancer cells manage to overcome this intrinsic homeostatic control of YAP activity in the course of tumorigenesis.
Materials and methods
Mouse genetics
A targeting vector containing the first two exons of the Yap gene was generated by recombineering as described previously . The TCC codon (encoding Ser112) located on exon 2 was mutated into the GCC codon (encoding Ala) by site-directed mutagenesis. A Lox-Stop-Lox cassette containing the NLS-β-geo coding region under the CMV enhancer/chicken β-actin promoter (provided by Dr. Jeremy Nathans, Johns Hopkins University School of Medicine)
was inserted between exon 1 and exon 2. Transformed embryonic stem cell colonies were screened by long-template PCR with the following primer sets: PKI5F (5′-GATCCAGTTATCATAGCAAGTGTGTTCTCAATTTAAAGGC-3′) and PKI5R (5′-CTAGTCAATAATCAATGTCGACagtAAGCTtGCGGAACCC -3′) to generate a 4.5-kb band for positive clones and PKI3F (5′-TCTTATCATGTCTGGATCCACTAGTTCTAGCTAGTCTAGGTCGAC-3′) and PKI3R (5′-GCACCAAAAGCTGTTGTCTCCTACTCAGTCAGGAAGATGTTAACA-3′) to generate a 4.4-kb band for positive clones. Successfully targeted embryonic stem cell clones (confirmed by both 5′ PCR and 3′ PCR) were microinjected into C57BL/6 blastocysts. Germline transmission from generated chimeric offspring was confirmed by long-template PCR. Mice carrying the targeted allele were bred to CMV-Cre transgenic mice (provided by Dr. Jeremy Nathans, Johns Hopkins University School of Medicine) to remove the Lox-Stop-Lox cassette and generate the Yap S112A mice. Genomic DNA extracted from tail biopsies were genotyped with a PCR primer set (PKI1, 5′-GAACTTGCTTTAGGCTAAAG-3′; and PKI2, 5′-GAGTTTATTTAGCCGAGCAG-3′) that generated a 258-base-pair (bp) band from the wild-type allele and a 336-bp band from the S112A allele.
Wild-type, Yap S112A/S112A , and Lats1/2 mutant MEFs were plated onto six-well plates and allowed to form a confluent monolayer. The cell monolayer was then scratched in a straight line to make a "scratch wound" with a 0.2-mL pipette tip. Pictures of the closure of the scratch were captured at 0, 10, and 24 h.
